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(57) ABSTRACT

This document relates to a method of performing surface
measurements on a surface of a sample using a scanning
probe microscopy system. The system comprises a sample
support structure for supporting a sample, a sensor head
including a probe comprising a cantilever and a probe tip
arranged on the cantilever, and an actuator for scanning the
probe tip relative to the substrate surface for mapping of the
nanostructures. The method comprising the steps of: vibrat-
ing the cantilever using an actuator and moving the probe
relative to the substrate surface for performing said scan-
ning. The probe 1s held at a distance to the substrate surface
such as to allow contact at a plurality of intermittent contact
moments between the probe tip and the surface during said
vibrating of the cantilever. The steps of vibrating of the
cantilever and moving of the probe are performed concur-
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rently. For performing the surface measurements, the
method comprises obtaining a sensor signal indicative of a
position of the probe tip during said scanning, and analyzing,
this signal by quantifying two or more Ifrequency compo-
nents 1in a Fourier transform for determining an estimate of

a force value of a force between said substrate surface and
said probe tip during said contact moments.
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METHOD OF PERFORMING SURFACE
MEASUREMENTS ON A SURFACE OF A
SAMPLE, AND SCANNING PROBE
MICROSCOPY SYSTEM THEREFORE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application 1s a U.S. National Phase of PCT
International Application No. PCT/NL2016/050720, filed
Oct. 21, 2016, which claims priority to European Applica-
tion No. 15191311.8, filed Oct. 23, 2015, which are both
expressly incorporated by reference in their entireties,
including any references contained therein.

FIELD OF THE INVENTION

The present invention 1s directed at a method of perform-
ing surface measurements on a surface of a sample using a
scanning probe microscopy system, the system comprising
a sample support structure for supporting a sample, a sensor
head including a probe comprising a cantilever and a probe
tip arranged on the cantilever, and an actuator for scanning,
the probe tip relative to the substrate surface for mapping of
the nanostructures, the method comprising the steps of:
vibrating the cantilever using an actuator; moving the probe
relative to the substrate surface for performing said scan-
ning, wherein said probe 1s held at a distance to the substrate
surface such as to allow contact at a plurality of intermittent
contact moments between the probe tip and the surface
during said vibrating of the cantilever; wherein the steps of
vibrating of the cantilever and moving of the probe are
performed concurrently. The mvention 1s further directed at
a scanning probe microscopy system, and to a computer
program product for a scanmng probe microscopy system.

BACKGROUND

Scanning probe microscopy (SPM) devices, such as
atomic force microscopy (AFM) devices as described above
are for example applied in the semiconductor industry for
scanning of semiconductor topologies on a surface. Other
uses of this technology are found in biomedical industry,
nanotechnology, and scientific applications. In particular,
AFM may be used for critical defect metrology (CD-
metrology), particle scanning, stress- and roughness mea-
surements. AFM microscopy allows visualization of sur-
faces at very high accuracy, enabling visualization of surface
clements at sub-nanometer resolution. Other surface scan-
ning measurement devices for example include optical near
field scanming devices.

The probe 1 an SPM system comprises a cantilever and
a probe tip. On one end of the cantilever, the probe is
attached to a sensor head, for example (but not necessarily)
through an actuator that allows to bring the probe 1n motion.
Probe tip 1s usually located on the other end of the cantilever.
In SPM, the probe t1p 1s scanned over the surface of a sample
or substrate to measure the topography and mechanical
properties thereol. A sensor, in many cases an optical sensor,
monitors the position of the probe tip. For example, the
sensor may monitor a reflected laser beam that 1s reflected by
the cantilever or the back of the probe tip, and which
changes angle when the probe tip moves up or down.

Depending on the circumstances and the type of infor-
mation desired, SPM may be performed 1n various modes of
operation. These modes include static modes, wherein the
cantilever 1s held static while the probe tip moves perpen-
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dicular to the surface due to surface features that are
encountered during scanming. Dynamic operation modes are

another important class of modes, wherein the cantilever 1s
vibrated during scanning thereol across the surface. Gener-
ally, the topography image of the surface 1s obtained by
measuring the eflects of the surface on the probe and
keeping 1t constant by adjusting the height of the probe using
a feed back loop and a piezoelectric actuator. The height of
the probe 1s then monitored, and from this, the topography
can be obtained. A number of different modes are available
and known to the skilled person. For AFM, these modes for
example include tapping mode AFM (TM-AFM) wherein
the probe 1s brought intermittently in contact with the
surface and which may performed 1 combination with
amplitude modulation AFM (AM-AFM) wherein the ampli-
tude 1s kept constant, frequency modulation AFM (FM-
AFM) wherein the resonance frequency of the probe 1s kept
constant, and peak force tapping mode AFM (PFT-AFM)
wherein the probe 1s moved quasi-statically and maximum
deflection 1s kept constant. In general, it 1s important to keep
the forces constant during the scanning, however it 1s not
possible to measure these forces with the methods applied.

One of the most used AFM operation schemes 1s Tapping
Mode AFM (TM-AFM). In this technique the cantilever 1s
excited with a frequency near its fundamental resonance
frequency and brought 1n intermittent contact with the
sample surface until 1ts amplitude decreases to a certain set
point amount. While scanning, the amplitude 1s kept con-
stant by adjusting the distance between the cantilever and
the sample. The control signal amplitude error and phase
signals are interpreted as the height, amplitude and phase
images, respectively. In TM-AFM the tip hits the sample
surface 1n every cycle, and thus experiences both attractive
and repulsive forces. However, since these forces occur only
during a short fraction of a tapping cycle, the cantilever only
responds to the periodic average of the forces. Consequently,
the motion of the cantilever remains harmonic and its
amplitude and phase evolve only with the periodic average
of the forces. Since only the average of the forces aflect the
cantilever, and countless diflerent types of forces can have

the same average, it 1s impossible to fully estimate the forces
from TM-AFM signals.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to enable measure-
ment of the forces between a probe tip and a surface of a
substrate 1n a scanning probe microscopy method.

To this end, 1n accordance with a first aspect, there 1s
provided herewith a method of performing surface measure-
ments on a surface of a sample using a scanning probe
microscopy system as defined 1n the claims. Moreover, there
1s provided a scanning probe microscopy system as defined
in the claims; and additionally, a computer program product
downloadable from a communication network and/or stored
on a computer-readable and/or microprocessor-executable
medium, comprising program code instructions that, when
executed by a scanming probe microscopy system including
a processor, causes the system to perform a method accord-
ing to any of the claims.

In particular, there 1s provided herewith a method of
performing surface measurements on a surface of a sample
using a scanning probe microscopy system, the system
comprising a sample support structure for supporting a
sample, a sensor head including a probe comprising a
cantilever and a probe tip arranged on the cantilever, and an
actuator for scanning the probe tip relative to the substrate



US 10,697,998 B2

3

surface for mapping of the nanostructures, the method
comprising the steps of: vibrating the cantilever using an
actuator; moving the probe relative to the substrate surface
for performing said scanning, wherein said probe 1s held at
a distance to the substrate surface such as to allow contact
at multiple contact moments between the probe tip and the
surface during said vibrating of the cantilever; wherein the
steps of vibrating of the cantilever and moving of the probe
are performed concurrently, and wherein for performing the
surface measurements, the method comprises: obtaining,
using a sensor, a sensor signal indicative of a position of the
probe tip during said scanning; and analyzing, using a
processor, said sensor signal by quantilying two or more
frequency components 1n a Fourier transform of said sensor
signal for determining an estimate of a force value of a force
between said substrate surface and said probe tip during said
contact moments.

The method of the present invention captures two or more
frequency components from the sensor signal that 1s 1ndica-
tive of the probe tip position, in order to obtain therefrom
more mformation regarding tip-sample interactions. This 1s
used to estimate the force between the tip and the surface of
the sample during the contact moments wherein the probe
tip 1s momentarily 1n contact with the surface during each
cycle. In principle, two frequency components correspond-
ing e.g. to the base (or excitation or primary) frequency and
one of the harmonics thereof, already provide suilicient
information for providing a force estimate that 1s much more
accurate than the periodic average obtained from conven-
tional measurements techniques. However, as will be appre-
ciated, the accuracy may be greatly improved by adding
more frequency components, e.g. that relate to other har-
monics of the base (or excitation or primary) frequency.

Any frequency components that provide a strong enough
signal that exceeds a noise level at that frequency may be
used for obtaining the desired information and providing the
force estimate. However, as may be appreciated, strong
signals may be obtained for frequency components at the
ground frequency (e.g. I) and any harmonic modes thereof,
including both super-harmonic (e.g. n'f, where nE & ) and
sub-harmonic modes (e.g. f/n, where nE N ).

The desired frequency components may be obtained with
a regular type of probe used for AFM or SPM. However,
preferably a probe may be used having a cantilever that
provides strong harmonic mode frequency components, 1.¢€.
in which the motion of the cantilever consists of sub- or
super-harmonic Irequency components. Such probes are
hereinafter sometimes referred to as ‘wide-band probes’.
Whenever the term ‘wide band probe’ 1s mentioned herein-
after, probes are meant that do provide sufliciently strong
harmonic modes when excited. Some of these probes even
provide many harmonic modes, making them particularly
suitable for the present invention such as to enable providing
a very accurate force estimation of the tip-sample force. The
wide-band probes might have different embodiment and
provide different output signals, however, they share a
common dynamic setting. They have one or more additional
resonator(s) 1n the dynamics of the probe in order to gather
some of the other frequency components of the tip-sample
interactions. For example, some probes provide a torsion
mode of the cantilever as an auxiliary resonator (e.g. tor-
sional harmonic probes), some probes use a smaller canti-
lever with an interferometric sensor, some probes may apply
a secondary cantilever with a separate optical sensing setup,
and yet other probes may use a second bending mode of the
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cantilever 1tself as a secondary oscillator to manipulate the
motion pattern of tip and reduce the maximum repulsive
tip-sample force.

Also sub-resonant modes (e.g. jumping mode, pulsed
force mode, peak force tapping mode) {it 1n a same category
as wide band probes. In these modes, a significant amount of
frequency components ol the forces are lower than the
resonance frequency of the cantilever, thus they pass from
static band of the cantilever which introduce sub-harmonic
deflection signals. In sub-resonance modes, when the opera-
tion frequency 1s significantly lower than the resonance
frequency of the cantilever, the deflection signal represents
the tip-sample interactions. However, when 1t exceeds a
certain amount (1.¢. the quality factor times smaller than
fundamental resonance frequency), the cantilever resonates
and the output signal significantly deviates from tip-sample
interactions. This frequency limit usually restricts the 1imag-
ing speed 1n these modes.

The present invention, in accordance with some preferred
embodiments, efliciently applies a recursive {filter to obtain
the estimate of the tip-sample force 1n a fast and accurate
manner. In accordance with some particular embodiments,
said analyzing comprises applying a recursive filter for
estimating an internal state of the probe from the sensor
signal, and using the estimated 1nternal state for determining
the estimate of the force value. Recursive filters provide a
clegant manner to apply the digital signal processing method
for providing such estimates. In order to measure the tip-
sample interactions, a mathematical approach should be
used that considers the dynamic properties of the cantilever
and guarantees a stable minimal error 1in the estimation. In
other words, the error between the estimated force and the
real force preferably should approach zero with an expo-
nential speed and should be imndependent of the forces and
displacements, instead 1t should be only dependent on the
measurement noise and uncertainties. A recursive filter 1s
therefore suitable as a digital signal processing method.

In particular, the application of a recursive filter enables
to accurately model the dynamics of the system—including
harmonic modes—in the applied filter components of the
digital filter. As a result, proper dimensioning of the digital
filter enables an accurate real-time estimate of the force. The
latency of the filter 1s small enough to be responsive at a time
scale of motion of the cantilever, thereby allowing real-time
force estimation. The method of the invention, based on
applying a recursive filter (such as a Kalman filter), allows
force estimation including accurate phase modelling 1n the
harmonics. Thus phase distortions, which may otherwise
only be corrected for retrospectively, are virtually absent
using a properly dimensioned recursive filter. The absence of
such distortions, which could otherwise destabilize a closed-
loop application, render application 1n a closed loop system
possible 1n the present mvention. However, the invention 1s
not limited to such a closed-loop application, but may also
be applied 1n an open system providing a real-time force
estimate.

In particular, 1n accordance with some preferred embodi-
ments, the recursive filter 1s a Kalman filter, wherein the
recursive filter further includes a dynamic state model for
modelling an influence of the force between the substrate
surface and the probe tip on said internal state of the probe.
These embodiments apply a regularized type of Kalman
estimator, which gives a general solution for nanomechani-
cal force estimation problem 1n TM-AFM using any of the
wide-band probes (including sub-resonant modes). Kalman
filters are the optimum algorithm of combining the uncertain
and noisy information from different sources. The estimation
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achieved by a Kalman filter 1s the optimum estimate, 1n a
sense that the mean value for the error 1s zero and uncer-
tainty of the estimated value i1s less than uncertainty of any
of the mformation used for that estimation.

The estimation method applied 1n these embodiments 1s
computationally inexpensive, easily real-time implemented,
robust and captures all of the information which 1s statisti-
cally relevant (guarantees no information loss). Depending
on the embodiment of the wide band probe and relative noise
levels, the estimated force via the presented method consis-
tently approaches the real amount of tip-sample interactions.

Although the above embodiments apply a recursive {ilter,
and for some specific embodiments a Kalman filter, 1t must
be understood that such filters can be mimicked or estimated
by applying one or more alternative digital filters. In those
cases, although each of the digital filters may not resemble
or be recognizable as a recursive filter or Kalman filter, their
combined result will be the same. In some cases this may be
proven mathematically. However, for reasons of efliciency
and simplicity, such proof i1s not provided here. It must be
understood, though, that such implementations fall within
the interpretation of the term ‘recursive filter’ as used 1n the
present teaching, and hence do fall within the scope of the
claimed invention.

In accordance with particular embodiments, for determin-
ing the force value during said contact moments, the recur-
sive lilter applies the following augmented system state
model for including said internal state of the probe and said
dynamic state model:

Yy, C Dlé X D2 y Vy
Onx1 - 22\ p ¥ 0 |’ ¥ D, |
O C k S k
L - = 5
s - X
ﬁ:r [Ol}{n C]( ]
P

wherein: x, 1s an internal state of the system at contact
moment k; x,_, 1s an 1nternal state of the system at contact
moment k+1 subsequent to contact moment k; p, 1s a
dynamic state of the intfluence of the force between the probe
tip and the substrate surface at contact moment k; p,., 1s a
dynamic state of the intfluence of the force between the probe
tip and the substrate surface at contact moment k+1; v,, v,,
w, and m, represent noise factors; f, represents a dithering
signal to the internal state; f,” represents the force value of
the force between the probe tip and the substrate surface; A
1s the state matrix of the system; B, and B, are the input
matrices for respectively force value of the force between
the probe tip and the substrate surface and the dithering
signal; D, and D, are the feed forward matrices for respec-
tively force value of the force between the probe tip and the
substrate surface and the dithering signal, O 1s the null-
matrix; C is the output matrix; A and C are respectively the
dynamic state matrix and the dynamic output matrix of the
dynamic state model for modelling the influence of the force
between the substrate surface and the probe tip on said
internal state of the probe; and C® is the output matrix of a
Tikhonov type regularization rule. The above embodiments
apply a specific implementation of the regularized Kalman
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filter described heremnabove. A full description of this digital
signal processing method 1s provided in this document
further below.

The mput matrix A and the output matrix C of the
dynamic state model, as well as the output matrix of the
Tikhonov type regularization rule described hereinabove,
may for example be taken as follows, in accordance with
some embodiments. In these embodiments, the following 1s
applied:

and
QZ
1, — —2, 1, O1x3(v-1)
2
£
(2Q)°
O1x3, 1, 0z 2, L, O1x3(v-2)
f
A (2)
C = (300)° :
O1x65 1, 7 2, L, O1x3(N-3)
f
(NOY)*
O1x3(N-1)> 1, 07 2, 1
f

wherein €2 and £2.are respectively the resonance frequency
of the probe and the sampling frequency of the sensor signal.

In accordance with some embodiments, the method fur-
ther comprises receiving, during initializing of the system
for performing the step of analyzing, an indication of a
number of frequency components in the Fourier transform of
the sensor signal which provide a signal strength that 1s
larger than a noise level. To allow most optimal analysis,
taking 1nto account as many as desired frequency compo-
nents, the number of components that provide a good
enough signal-to-noise ratio (SNR) may be estimated and
used as input to the analysis of the received sensor signal.
Preferably, only components having a strong enough SNR,
¢.g. above 5 dB or 10 dB, preferably above 20 dB, more
preferably above 30 dB, may be taken along during analysis.
As will be appreciated, the choice of which frequency
components to use 1n the process 1s up to the skilled person
applying the method, and the above criteria may thus be
dispensed with dependent on the circumstances without
departing from the present invention.

The analysis 1tself may comprise, 1n accordance with
embodiments of the invention, the steps of: calculating an a
prior1 estimate of the internal state of the probe; calculating
an a priori error estimate; calculate a Kalman gain matrix;
calculate an a posterion estimate of the internal state based
on the Kalman gain matrix, the sensor signal, and the a priori
estimate of the internal state of the probe; calculate an a
posterion error estimate based on the a priorni error and the
Kalman gain matrix; and calculate, using the a posteriori
estimate of the internal state, the estimated force value of the
force between said substrate surface and said probe tip
during said contact moments.

In accordance with some embodiments, the method may
turther comprise providing an output signal indicative of the
estimated force value of the force between the substrate
surface and the probe tip during said periodic contact
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moments. The method, 1n accordance with these embodi-
ments, 1s used for direct force measurement, e.g. useable for
analysis ol material properties of a surface.

In accordance with some embodiments, the method may
turther comprise: obtaining a predefined reference force
value; comparing the determined estimated force value with
the predefined reference force value for obtaining a differ-
ence value; and providing a feedback signal to the sensor
head such as to adapt the distance between the probe and the
substrate surface for mimmimizing the difference value. This
allows to use the estimated forces m an indirect method of
¢.g. mapping the surface topography by adjusting the height
ol the probe tip above the surface dependent on the force. In
such embodiments, the system may further comprise a
distance sensor for determining a distance between the probe
and the substrate support structure i a direction perpen-
dicular to the substrate surface, wherein the method com-
prises obtaining a distance signal from the distance sensor
and using the distance signal for providing topology infor-
mation of the substrate surface. The distance sensor may be
a hardware sensor umit that performs this task, or may be a
computer mmplemented process that keeps track of the
distance adjustments that are performed.

The probes that are considered suitable for applying the
method of the present invention have been discussed here-
inabove. In principle these could be regular probes as far as
these allow to obtain a sensor signal having strong enough
frequency components of the signal above or below the
ground excitation frequency, preferably at super-harmonic
or sub-harmonic modes. In accordance with embodiments of
the invention, the probe comprises a cantilever having a
shape and dimensions such as to comprise at least one of:
one or more harmonic modes at a frequency being a integer
multiple of a ground resonance frequency of the cantilever;
or one or more sub-harmonic modes at a frequency being an
inverse mteger multiple of a ground resonance frequency of
the cantilever, wherein the inverse integer 1s equal to 1/n and
wherein n 1s an mteger. Such may include, 1n accordance
with some embodiments, probes that are elements of a group
comprising linear probes, harmonic probes comprising two
or more resonance frequencies, interferometric force sensing
probes, dynamic compliant probes.

In accordance with a second aspect, the mvention pro-
vides a scanning probe microscopy system comprising a
sample support structure for supporting a sample, a sensor
head including a probe comprising a cantilever and a probe
tip arranged on the cantilever, and an actuator for scanning,
the probe tip relative to the substrate surface for mapping of
the nanostructures, wherein the sensor head comprises a
vibration actuator for vibrating the cantilever of the probe
during scanning, and sensor unit for obtaining a sensor
signal indicative of a position of the probe tip during
scanning; wherein the system further comprises a processor
configured for applying a method as defined 1n any of the
previous claims, 1n particular arranged for analyzing said
sensor signal by quantifying two or more frequency com-
ponents 1n a Founer transform of said sensor signal for
determining an estimate of a force value of a force between
said substrate surface and said probe tip during said contact
moments, wherein said analyzing comprises applying a
recursive filter for estimating an internal state of the probe
from the sensor signal, and using the estimated internal state
for determining the estimate of the force value.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will further be elucidated by description of
some specific embodiments thereof, making reference to the
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attached drawings. The detailed description provides
examples of possible implementations of the invention, but

1s not to be regarded as describing the only embodiments
talling under the scope. The scope of the invention 1s defined
in the claims, and the description 1s to be regarded as
illustrative without being restrictive on the invention. In the
drawings:

FIG. 1 schematically illustrates an atomic force micro-
SCOPE;

FIGS. 2a to 2¢ schematically illustrates a method of the
invention wherein a force estimate 1s used 1n a feedback
system to adjust the height of a probe for mapping surface
topography;

FIG. 3 illustrates frequency components obtainable from
a Fourier transform of a sensor signal, useable 1n the present
invention;

FIG. 4 illustrates a method of the present invention;

FIG. 5 illustrates a Fourier transform of a sensor signal,
indicating useable signals of a harmonic mode of the exci-
tation frequency;

FIG. 6 schematically illustrates a probe that 1s useable 1n
an embodiment of the invention;

FIG. 7 schematically 1llustrates a probe that 1s useable 1n
an embodiment of the invention;

FIG. 8 schematically 1llustrates a probe that 1s useable 1n
an embodiment of the invention;

FIG. 9 15 a scanning electron microscope (SEM) image of
a probe that i1s useable 1n an embodiment of the invention;

FIG. 10 1s a scanning electron microscope (SEM) image
of a probe that 1s useable 1n an embodiment of the invention;

FIG. 11 1s a scanning electron microscope (SEM) 1mage
of a probe that 1s useable 1n an embodiment of the invention;

FIG. 12 1s a scanning electron microscope (SEM) image
of a probe that 1s useable 1n an embodiment of the invention.

DETAILED DESCRIPTION

FIG. 1 schematically illustrates the working principle of
a typical prior art atomic force microscope. In FIG. 1, a
probe head 2 comprises piezo type drivers 3 for the X-, Y-,
and Z-directional motion of a probe 8. The probe 8 consists
of a cantilever 9 having a probe tip 10 arranged for scanning
a sample surface 5 of a sample 6. During scanning, a dither
piezo (not shown) or other means of actuations such as
photo-thermal actuation, electrostatic, etc, may drive the
cantilever 1n vibrational mode (for example close to resonant
frequency) to enable tapping of the probe tip on the surface.
The manner of applying a vibrational motion to the probe tip
1s known to the skilled person.

Scanning of the sample surface 5 1s performed by moving
the probe tip 10 1n the X- and Y direction parallel to the
sample surface 5 (or alternatively, by moving the substrate
surface 1 the X- and Y-directions while maintaining the
position of the probe tip fixed 1n the X- and Y-directions).
The probe tip 10 1s brought 1n close proximity to the surface
5 by means of a z-directional piezo drniver. Once 1n the
position, the probe tip 10 1s vibrated in the z-direction such
that 1t repeatedly touches the surface 5 during scanning
thereof. At the same time, a laser 16 1lluminates the probe tip
with laser beam 15. The precise position 1n the z-direction 1s
determined using photo diodes 18 which receive the
reflected laser beam 15.

The sample surface 5 is carried using a sample carrier 4.
Driving of the piezo drivers 3 located on the probe head 2
1s performed using the detector and feedback electronics 20.
At the same time, the detector and feedback electronics 20
receive the detected z position as determined using photo
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diodes 18. This principle allows for very precise mapping of
surface elements, such as surface element 13 on the surface
5 of the sample 6. Atomic force microscopy performed e.g.
using a techmque as 1llustrated 1n FIG. 1 allows the mapping
of very small structures and features on the surface, e.g.
nanostructures having typical nanometer dimensions (e.g.
even <1 nm, such as for example individual polymer strings
being as thin as 0.4 nm). As described herein above, since
the mapping of the surface has to be performed with great
precision, the speed at which the method i1s performed 1s
rather slow. The present invention, however, 1s not limited to
atomic force microscopy, but may also be applied 1n com-
bination with other scanning probe microscopy methods.

The analysis method applied in accordance with the
invention applies a regularized Kalman filter, as digital
signal processing method. The mathematics applied are
based on the principles below.

We begin with a state space representation of the probe as
a linear resonator. Any of the wide-band probes (or the
normal cantilever in sub-resonance methods) can be
described with an n degrees of freedom discrete time linear
model as:

_ is a
Xpy | =AX 4B f.7+B5f.5 0,

v, =Cx,+D 54D .2 +v; (1)

where Kk 1s the time step, n 1s twice the number of vibration
modes, AER”™ is the dynamic process matrix of the
system, B, and B,ER "' are the input matrices that transfer
the effects of tip-sample interactions f* and dithering signal
f* to the state vector x,=R"™ ' respectively. The output
signals are gathered in y,ER ™', which is a linear combi-
nation of the states with weight of CER ™" and the tip-
sample interactions and dither signals are fed through via
weights D, and D,ER ™! respectively. The noise m, &R ™!
and v,ER ™' represent the model uncertainty (or process
noise) and measurement noise (error) respectively, and are
assumed to be uncorrelated zero-mean Gaussian processes.
In Eq. (1) only one of the mputs and the output(s) are
known, (i.e., f* i1s unknown) thus the problem of force
estimation 1n TM-AFM can be considered as a simultaneous
unknown input and state estimation problem of a linear
system. There are some methods for designing such observ-
ers which can estimate the observable states correctly with
a finite delay'”. However, the problem of input estimation
for mechanical systems 1s 1ll conditioned, meaning that 1n
the presence of any noise, the estimated value for the input
diverges.
A. Transforming the Input Estimation to State Estimation
In order to eliminate the i1ll-conditioning problem we first

convert the input estimation problem to a state estimation
problem by assuming a dynamic model for the tip-sample
interactions 1n the artificial system as 1 Eq. (2)

Pre1=Apitoy

£5=Cp;, (2)

in Eq. (2) the random walk m, shapes the artificial state p
which forms the tip-sample interactions via an artificial
measurement matrix C. The matrices A and C are to be
designed in the next section. Considering the augmented
state vector as [x,” p,.’ ]’ the unknown input system becomes
the augmented known-1nput system 1n Eq. (3).
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Xt 41 _ A Bé | X, BZ (g, (3)
A P O B P
Pi+1 O A [\ Pk (W

Xk
Vi —[C ch](p ]'l‘Dzﬁ{d-l-Vk
k

The system 1n Eq. (3) has known nputs and known outputs.
Thus, using a Kalman filter (or any other state observer) 1t
1s possible to estimate the states. Consequently, the tip-
sample interactions can be found by multiplying the esti-
mated state vector by [O,,,, C]. However, before designing
the observer, the artificial system matrices have to be defined
considering the nature of TM-AFM.
B. Regularization

Due to the nature of intermittent contact mode AFM
(tapping mode, or the sub-resonance modes) the tip-sample
interactions are periodic functions in time domain (or at least
to a great extent). On the other hand, the Founier transform
of any periodic function approaches 1ts Fourier series, mean-
ing that 1t can only contain frequencies that are integer
multiples of the frequency of the function (including zero).
Thus, 1t 1s reasonable to assume that the tip-sample nter-
actions as a time domain signal only contain frequencies that
are integer multiples of excitation frequency’>'®.

In order to implement the periodicity assumption in a
discrete-time configuration, consider the following finite
difference relation on an arbitrary signal s in the time domain

with sampling frequency €2

2 2 _
2 (Sgr1— 285 H85 )82 =€

if the signal s 1s harmonic with the frequency £2 then the
error € has to be zero (apart from finite difference truncation
error and a round off error). In matrix notation this reads:

(4)

€

02 _ =Q_}

To add this assumption to the artificial system defined 1n Eq.
(2) consider that the wide-band AFM probe has N frequency
components 1n 1ts measured motion signal that are above the
noise tloor. Then the states of the artificial system can be
defined as follows:

_ 1 1 1 2 2 2
pk_[Sk( )Sk_l( )5;:—2( )Sk( )Sk_l( )Sk—E( > Sk(N)Sk_l(N)

N (3)

where s® represents the i”” frequency component of the
tip-sample force. Thus, the matrices for the artificial system
can be defined as:

Si_2

()
C=1,v®[1 0 0]

T

1

="

X

=

X
IC:,,,_.,,_:.
—_ 2
S T oe [

where & 1s the Kronecker product operator. The definition of
the A and C matrices represents the shift register 1n Eq (3)
and 1n order to implement the periodicity assumption in Eq.
(4), similar to the Tikhonov method, the regularization rule
can be defined as an other artificial measurement of the
system as:

V= 6(2)?;:4‘{’;: (7)
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where §,=0, Vk>0 and the artificial noise v, represents the
uncertainty and error of the periodicity assumption which 1s
made 1n this section. In other words, 1t was assumed that the
forces 1in tapping TM-AFM are periodic, however even this
assumption is uncertain (v=0), in the same way that the
dynamic model of the system and the measurement signals
are provided but they are uncertain (w=0, v=0 respectively).
Considering Eq. (4) the C® matrix in Eq. (7) is defined as:

1 a3 2 1 O )
, ~2 < . 1x3(N-1)
{7
(20)°
O1x3. 1, 2 -2, 1, O1x3(N-2)
!
A (2)
¢ = (30)°
O1x6 1, 1y -2, 1, O1x3(N-3)
f
(NY)?
O1x3(N-1)» 1, Ry -2, 1
I

where €2 and €2 .are the dither piezo excitation frequency and
sampling frequency. Considering Eq. (3), and Eq. (7), the
problem of estimation of the tip-sample interactions in
TM-AFM 1s converted to the state estimation of the follow-

ing augmented system.

A R BT P
Pi+1 0o A |\Pi O on

It 1s straightforward to show that the system 1 Eq. (9) 1s
tully observable and well-posed. Thus, considering a known
expected values for the noise covariance matrices as Q=
EA{[oo ] [ofo’]} and R=% {[vIVT]7[vivT]}, a Kalman
filter can be 1mplemented to estimate its states and conse-
quently the tip-sample interactions. Although the noise
co-variance matrices are not completely known, each part of
them can be tuned to achieve an optimum performance as
follows.

The measurement noise covariance ¥ {v v’} represents
the noise 1n the detlection signal where the cantilever 1s
not moving and can be directly measured.

The process noise £ {m w’} covers the thermo-noise and
any uncertainty in the mechanical properties of the
cantilever which depends accuracy of calibration of
cantilever efc.

The uncertainty in the periodicity assumption 1s repre-
sented by E{v v} that allows for estimation of

tip-sample 1nteractions in transient situations. This
parameter can be tuned for a trade ofl between noise in
the output and coverage of the transient situations.

The process noise of artificial part of the system {(I‘}
&T}j represents the step size of the random walk which
influences the convergence speed.
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Similar to the Tikhonov method, the trade off between
accuracy and noise can be performed manually. In this paper
all of the noise covariance matrices are assumed to be
identity matrix scaled with a small numbers. Note that
choosing wrong noise statistics for the Kalman filter does
not lead to wrong estimate of the forces as 1n other filters, but
it leads to a noisy estimate or a slower convergence.

C. Step-by-Step Implementation
All the calculation steps of the regularized Kalman filter

for any of the wide baud probes can be briefly expressed as

follows:
Only Once:

Stepl: Either model or 1dentily the dynamic model of the
probe 1n state space form, transform i1t to discrete time
form to find the coeflicient matrices Eq. (3).

Step2: Based on the frequency spectrum of the measurement
signal, decide about number N (the number of frequency
components above the noise level). This 1s the number of
frequency components in the motion of the cantilever that
are above the noise level.

Step3: Calculate the coetlicient matrices A, C, and 2C from
Eqg. (6) and Eq. (8).

Stepd: Generate the augmented system model as 1n Eq. (9).

StepS: Choose an appropriate set of noise co-variance matri-
ces Q and R, 1nitial value and X, co-variance 2.

In Every Sampling Time k:
Stepl: Calculate the primary estimate as:

Kpr 13 AX B,
Step2: Calculate the prior error convenience matrix as:

2541 |k:ZEME T"‘Q:

Step3: Calculate the Kalman gain as:

K=2,, 1:C(CZ,,  xCT+R) ™!

Step4: Calculate the posterior state estimate as:

— = - rd
Xirllk+]l Mkt Ik+KkG_ Cxp1 = D5)

StepS: Calculate the posterior error convenience matrix as:

21— —k,af)ﬁm I

Step6: Calculate the tip-sample force as:

ﬁ:m:[Ol::{HC]xk+llk+l;

FIG. 2A schematically 1llustrates a method of the present
invention. In FIG. 2A, the probe 8 i1s schematically 1llus-
trated 1n three positions 8, 8' and 8". The probe 8 1s scanned
relative to the surface 5 in the direction illustrated by the
arrow 22. The distance Z relative to a distance sensor 25 1n
the direction perpendicular to the surface 3 can be monitored
for providing a mapping of the topography of the surface.
The distance sensor 5 may be attached or fixed to a metrol-
ogy frame of the scanning probe microscopy system.

The probe 8 1n each position 8, 8' and 8" 1s illustrated to
vibrate, and 1ts subsequent upper and lower extreme posi-
tions are illustrated in FIG. 2A. During vibration, the probe
8 intermittently 1s 1n contact with the surface 5. During such
contact moments, the probe 8 experiences a force present
between the probe tip 9 and the substrate surface 5. This 1s
schematically illustrated in the enlargement of position 8" 1n
FIG. 2B. FIG. 2B illustrates the vibrational movements 26
of the probe tip 9 schematically. The probe tip 9 1n its lower
position touches the substrate surface 5, experiencing a Van
der Waals force 28. The present invention allows to estimate
the Van der Waals force 25 very accurately by taking the
Fourier transform of the optical sensor signal obtained with
photodiode sensor 18. In accordance with the present inven-
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tion this force estimate of the force 28 1s compared with a
reference force that may be set prior to the scanning. The
difference between the force 28 and the reference force may
be provided to a feedback system (e.g. controller 56 1n FIG.
4) that adjusts the height of the probe 8 such as to hold the
estimated force value of the force 28 constant. As illustrated
in FIG. 2A, this causes the height of the probe 8 to be
adjusted dependent on surface structures 30 encountered
during scanning (path 22). By monitoring the height of the
probe above the surface using the distance sensor 23, the
height differences h can be determined, allowing accurate
mapping ol the topography of the surface 5. As 1s illustrated
in FIG. 2C, the probe tip 9 may be moved 1n parallel paths
22-1, 22-2, 22-3, . . . 22-» (not shown) such as to allow
mapping ol (a part of) the surface of the sample.

FIG. 3 schematically 1llustrates the sensibility of a typical
wide band probe as a function of the frequency. On the
vertical axis the signal strength 1s schematically 1llustrated,
and the horizontal axis provides the frequency. The probe’s
frequency response function (FRF) is illustrated by the
tunction 30. Clearly, point 31 on the line 30 corresponds
with the resonance frequency of the probe. The sensing
bandwidth 1s more or less the area indicated by 35. Above
the upper frequency 36 of the sensing bandwidth, the signal
strength of the probe becomes too low to be distinguished
with suflicient accuracy from the noise level. The grey level
40 1llustrates the noise level of white noise. The schemati-
cally illustrated triangular area 41 represents the thermal
noise of the cantilever, which concentrates around the reso-
nance frequency 31. At the lower end of the spectrum, the
area 42 represents pink noise or 1/ noise. Suppose the wide
band probe 1s excited with an excitation frequency indicated
by the first frequency component 46 in FIG. 3. Taking the
tast Fourier transform (FFT) of the sensor signal from the
photodiode sensor 18, the frequency components such as 45
illustrate the super harmonic modes of the excitation fre-
quency 46. As follows from the schematic FIG. 3, including
the excitation frequency 46, a total of twenty-one frequency
components 43 are above the noise level 40 and may be used
in the digital signal processing method of the invention for
analyzing and force estimation.

The method of the present invention 1s schematically
illustrated 1n FIG. 4. The probe 8 follows the probe path 22
across the surface 5 of the sample while being vibrated using
a piezo actuator 3. The position of the probe tip 1s monitored
using photodiode sensor 18 on the sensor head, as 1s
schematically 1llustrated by step 350. The sensor signal
received 1n step 30 contains the frequency components that
provide a strong enough signal to be analyzed during the
force estimation and are usable as mnput to the system as
explained herein above. Prior to sensing, the system pret-
erably has received an indication of the number of frequency
components that may be useable. The sensor signal taken at
step 50 1s analyzed using digital signal processing 1n step 52
for performing said force estimation. Dependent on the
number of frequency components contributing to the force
estimation, the digital signal processing method 52 provides
an accurate estimate of the tip-sample force 28 during
contact moments of the probe tip with the surface service 5.
This estimated force value 1s compared with a pre-set force
value received 1n step 53. The comparison 1s schematically
illustrated by step 55. Then 1n step 356, a controller, depen-
dent on the difference between the set reference force value
and the estimated force value adjusts the height of the probe
8, thereby adjusting its path 22.

FIG. 5§ schematically illustrates a Fourier transform of a
sensor signal obtained with AFM using a probe that has been
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specifically designed with a sensitivity to the ground fre-
quency (here equal to the resonance frequency 60 of the
probe), and to the frequency range around the sixth super
harmonic mode of the ground frequency 61. In particular,
the probe 1s sensitive to a Ifrequency of 6.07 times the
resonance Irequency, thereby allowing the probe to accu-
rately receive a signal of the sixth super harmonic mode 61
of the ground frequency 60. The ground frequency 60 1s at
50 kHz and the sixth harmonic mode thereof 1s therefor
located at 300 kHz. The probe 1s sensitive to approximately
303 kHz, thereby also allowing sensing of the sixth har-
monic mode 61.

FIGS. 6 through 12 provide various embodiments of
cantilevers of probes that allow to measure sub- and super
harmonic modes of a ground excitation frequency e.g. by
having a wide sensing bandwidth (*“wide band probes™). The
first wide band probe 6 comprises a probe tip 10 and a
cantilever 9. The cantilever 9 comprises a paddle 101 having
its own typical resonance frequency thereby adding one or
more additional modes to the probe.

In the probe illustrated in FIG. 7, the probe tip 10 1s
located on the side of a T-shaped extension at the end of the
cantilever 9. Vibrating the probe against the substrate sur-
face 5 provides the probe with a torsion component having
its own Irequency characteristics in addition to the linear
vibration mode. Therefore, the sensing frequency band of
the probe of FIG. 7 1s increased, thereby making this probe
particularly suitable for use 1n an embodiment of the present
invention.

In FIG. 8, the cantilever 9 comprises a middle section
which has been cut out, providing room for a paddle-like
construction. Again, FIG. 8 1s an example of a wide band
type probe similar to the probe of FIG. 6.

FIG. 9 1s a photograph of an introferromatic force sensing,
probe having a cantilever 9 and a probe tip 10. In the section
105 at the end of the cantilever 9, between the cantilever 9
and the probe tip 10, the particular shaped section 105
provides for additional harmonic modes, making the probe
suitable for use in the present invention.

In the probe illustrated in FIG. 10, the sides 108 and 110
of the cantilever 9 have been tapered such as to modity the
frequency response function of the probe 1n order to make 1t
sensitive to the sixth harmonic mode of the excitation
frequency (which excitation frequency 1n use coincides with
the resonancy of the probe). The probe 1llustrated 1n FIG. 10
clearly shows the tapered sides 108-110. The probe of FIG.
10 has been used i order to obtain the sensor signal
illustrated 1n FIG. 5.

FIG. 11 1llustrates a further example of a normal probe
with cantilever 9 and probe tip 10, that can be used in
combination with subharmonic modes in an embodiment of
the present invention. A further example of such a regular
type probe suitable for use 1n combination with subharmonic
modes 1s the probe of FIG. 12.

The present mvention has been described i1n terms of
some specific embodiments thereof. It will be appreciated
that the embodiments shown 1n the drawings and described
herein are intended for illustrated purposes only and are not
by any manner or means intended to be restrictive on the
invention. It 1s believed that the operation and construction
of the present invention will be apparent from the foregoing
description and drawings appended thereto. It will be clear
to the skilled person that the invention i1s not limited to any
embodiment herein described and that modifications are
possible which should be considered within the scope of the
appended claims. Also kinematic inversions are considered
inherently disclosed and to be within the scope of the
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invention. In the claims, any reference signs shall not be
construed as limiting the claim. The term ‘comprising’ and
‘including” when used in this description or the appended
claims should not be construed in an exclusive or exhaustive
sense but rather 1n an inclusive sense. Thus the expression
‘comprising’ as used herein does not exclude the presence of
other elements or steps 1n addition to those listed 1n any
claim. Furthermore, the words ‘a’ and ‘an’ shall not be
construed as limited to ‘only one’, but instead are used to
mean ‘at least one’, and do not exclude a plurality. Features
that are not specifically or explicitly described or claimed
may be additionally included in the structure of the inven-
tion within 1ts scope. Expressions such as: “means for .. . ”
should be read as: “component configured for . . . ” or
“member constructed to . . . 7 and should be construed to
include equivalents for the structures disclosed. The use of
expressions like: “critical”, “preferred”, “especially pre-
ferred” etc. 1s not intended to limit the invention. Additions,
deletions, and modifications within the purview of the
skilled person may generally be made without departing
from the scope of the invention, as 1s determined by the
claims. The invention may be practiced otherwise then as
specifically described herein, and 1s only limited by the
appended claims.

The 1nvention claimed 1s:

1. A method of performing surface measurements on a
surface of a sample using a scanning probe microscopy
system, the system comprising a sample support structure
for supporting a sample, a sensor head including a probe
comprising a cantilever and a probe tip arranged on the
cantilever, and an actuator for scanning the probe tip relative
to the substrate surface for mapping of the nanostructures,

the method comprising:

vibrating the cantilever using an actuator;

moving the probe relative to the substrate surface for
performing said scanning, wherein said probe 1s held
at a distance to the substrate surface such as to allow
contact at a plurality of intermittent contact moments
between the probe tip and the surface during said
vibrating of the cantilever;

wherein the steps of vibrating of the cantilever and
moving of the probe are performed concurrently, and
wherein for performing the surface measurements,
the method comprises:

obtaining, using a sensor, a sensor signal indicative of
a position of the probe tip during said scanning; and

analyzing, using a processor, said sensor signal by
quantifying two or more frequency components 1n a
Fourier transform of said sensor signal for determin-
ing an estimate of a force value of a force between
said substrate surface and said probe tip during said
contact moments;

wherein said analyzing comprises applying a recursive
filter for estimating an internal state of the probe
based on the two or more frequency components 1n

the Fourier transform of the sensor signal, and using
the estimated internal state for determining the esti-

mate of the force value.

2. The method according to claim 1, wherein the recursive
filter 1s a Kalman filter, and wherein the recursive filter
turther includes a dynamic state model for modeling an
influence of the force between the substrate surface and the
probe tip on said internal state of the probe.

3. The method according to claim 2, wherein for deter-
mimng the force value during said contact moments, during,
said analyzing the sensor signal 1s sampled 1nto a plurality
of samples, each sample corresponding to a sample moment,
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wherein the recursive filter applies the following augmented
system state model for including said internal state of the

probe and said dynamic state model:

wherein:
X, 1s an internal state of the system at sample moment k;

X, ., 1S an internal state of the system at sample moment
k+1 subsequent to sample moment k;

p. 1s a dynamic state of the influence of the force between
the probe tip and the substrate surface at sample
moment k;:

P..,; 1s a dynamic state of the influence of the force
between the probe tip and the substrate surface at
sample moment k+1;

V., V., 0, and o, represent noise factors;

f “ represents a dithering signal to the internal state;

i IS

{.” represents the force value of the force between the
probe tip and the substrate surface;

A 1s the state matrix of the system;

B, and B, are the mput matrices for respectively force
value of the force between the probe tip and the
substrate surface and the dithering signal;

D, and D, are the feed forward matrices for respectively
force value of the force between the probe tip and the
substrate surface and the dithering signal; O 1s the
null-matrix;

C 1s the output matrix;

A and C are respectively the dynamic state matrix and the
dynamic output matrix of the dynamic state model for
modelling the influence of the force between the sub-
strate surface and the probe tip on said internal state of
the probe; and

C® is the output matrix of a Tikhonov type regularization
rule.

4. The method according to claim 3, wherein:

T

|

=

X

z

X
O =
==
o o O

Pt

C=1,w®[1l 0 0];and

wherein:
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L, 0 2, L, O1x3(N-1)
!
(29)°
O1x3, 1, oz 1, O1x3(N-2)
f
A (2)
C = (30)* :
O1x6> 1, 7 -2, 1, O1x3(N-3)
!
(N
O1x3(N-1)» 1, Ry -2, 1
!

where €2 and €2 .are respectively the resonance trequency

of the probe and the sampling frequency of the sensor
signal.

5. The method according to claim 1, further comprising

receiving, during initializing of the system for performing

10

15

the step of analyzing, an indication of a number of frequency 2Y

components 1n the Fourier transform of the sensor signal
which provide a signal strength that 1s larger than a noise
level.

6. The method according to claim 2, wherein said step of
analyzing comprises the steps of:

calculating an a prioni estimate of the internal state of the

probe;

calculating an a priori error estimate;

calculate a Kalman gain matrix;

calculate an a posterior1 estimate of the internal state

based on the Kalman gain matrix, the sensor signal, and
the a prion1 estimate of the internal state of the probe;
calculate an a posterior1 error estimate based on the a
prior1 error and the Kalman gain matrix; and

calculate, using the a posterionn estimate of the internal
state, the estimated force value of the force between
said substrate surface and said probe tip during said
contact moments.

7. The method according to claim 1, further comprising
providing an output signal indicative of the estimated force
value of the force between the substrate surface and the
probe tip during said periodic contact moments.

8. The method according to claim 1, further comprising;:

obtaining a predefined reference force value;

comparing the determined estimated force value with the

predefined reference force value for obtaining a differ-
ence value; and

providing a feedback signal to the sensor head or to a

controller such as to adapt the distance between the

probe and the substrate surface for minimizing the
difference value.

9. The method according to claim 8, wherein the system
further comprising a distance sensor for determining a
distance between the probe and the substrate support struc-
ture 1n a direction perpendicular to the substrate surface, and
wherein the method comprises obtaining a distance signal
from the distance sensor and using the distance signal for
providing topology information of the substrate surface.

10. The method according to claim 1, wherein the probe
comprises a cantilever having a shape and dimensions such
as to comprise at least one of the group consisting of:

one or more harmonic modes at a frequency being an

integer multiple of a ground resonance frequency of the
cantilever; and

one or more sub-harmonic modes at a frequency being an

mverse integer multiple of a ground resonance fre-
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quency of the cantilever, wherein the inverse integer 1s
equal to 1/n and wherein n i1s an integer.

11. The method according to claim 1, wherein the probe
1s an element taken from the group consisting of: linear
probes, harmonic probes comprising two or more resonance
frequencies, interferometric force sensing probes, and
dynamic compliant probes.

12. A scanning probe microscopy system comprising a
sample support structure for supporting a sample, a sensor
head including a probe comprising a cantilever and a probe
tip arranged on the cantilever, and an actuator for scanming
the probe tip relative to the substrate surface for mapping of
the nanostructures, wherein the sensor head comprises a
vibration actuator for vibrating the cantilever of the probe
during scanning, and sensor unit for obtaining a sensor
signal indicative of a position of the probe tip during
scanning; wherein the system further comprises a processor
configured for applying a method comprising:

vibrating the cantilever using an actuator;

moving the probe relative to the substrate surface for

performing said scanning, wherein said probe 1s held at
a distance to the substrate surface such as to allow
contact at a plurality of intermittent contact moments
between the probe tip and the surface during said
vibrating of the cantilever;

wherein the steps of vibrating of the cantilever and

moving of the probe are performed concurrently, and
wherein for performing the surface measurements, the
method comprises:
obtaining, using a sensor, a sensor signal indicative of a
position of the probe tip during said scanming; and

analyzing said sensor signal by quantifying two or more
frequency components 1n a Fourier transform of said
sensor signal for determining an estimate of a force
value of a force between said substrate surface and said
probe tip during said contact moments,

wherein said analyzing comprises applying a recursive

filter for estimating an 1nternal state of the probe based
on the two or more frequency components in the
Fourier transform of the sensor signal, and using the
estimated internal state for determining the estimate of
the force value.

13. The system according to claim 12, wherein the recur-
sive filter 1s a Kalman filter, and wherein the recursive filter
further includes a dynamic state model for modelling an
influence of the force between the substrate surface and the
probe tip on said internal state of the probe;

wherein for determining the force value during said

contact moments, the recursive filter applies the fol-
lowing augmented system state model:

Ye ) X Dyl . (V
Oy - ~(2) * o |’ W
x1 O C P Vi
E— D
C
5 o~ Xk
ﬁ(r [Ol}{n C]( ]
P
wherein:

X, 1s an internal state of the system at sample moment k;
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X..; 1S an internal state of the system at sample moment
k+1 subsequent to sample moment k;

p, 1s a dynamic state of the influence of the force between
the probe tip and the substrate surface at sample
moment k:

P.., 18 a dynamic state of the intluence of the force
between the probe tip and the substrate surface at
sample moment kK+1;

V., Vo, 0, and w, represent noise factors;

rd
I,” represents

i IS

.~ represents the force value of the force between the
probe tip and the substrate surface;

a dithering signal to the internal state;

A 1s the state matrix of the system:;

B, and B, are the mput matrices for respectively force
value of the force between the probe tip and the
substrate surface and the dithering signal;

D, and D, are the feed forward matrices for respectively
force value of the force between the probe tip and the
substrate surface and the dithering signal;

O 1s the null-matrix;

C 1s the output matrix;

A and C are respectively the dynamic state matrix and the
dynamic output matrix of the dynamic state model for
modelling the influence of the force between the sub-
strate surface and the probe tip on said internal state of
the probe; and

C® is the output matrix of a Tikhonov type regularization
rule;

and wherein further:

et

1 0O
A=Iyy®|1 0
0 1

oo TR ofe S o

C=1,y®[1 0 0];and

wherein
QZ
L, — —2, L, O1x3(N-1)
2
L
(20y°
O1x3, 1, 7 2, 1, O1x3(N-2)
f
A (2)
C = (30)* :
O1x6> 1, R 2, 1, O1x3(N-3)
f
(NY*
O1x3(N-1)» 1, 0r 2, 1
!

where €2 and €2 are respectively the resonance trequency
of the probe and the sampling frequency of the sensor
signal.

14. The system according to claim 13, wherein:

Fat

1 0O
A=Iyv®|1 O
0 1

9o T efe S el

Eﬁ*:ll}w@[l 0 01]; and wherein:
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-continued
QZ
15 Q_% - 25 15 01E3(N—1)
(2Q)°
O1x3. 1, 0 L, O1x3(v-2)
f
~(2)
C = (30)* :
O1xs 1, Y -2, L, O1x3(v-3)
f
(NQ)*
O1x3(N-1) 1, Ry -2, 1
f

where €2 and €2 .are respectively the resonance frequency
of the probe and the sampling frequency of the sensor
signal.

15. The system according to claim 12, wherein the method
further comprises: recerving, during initializing of the sys-
tem for performing the step of analyzing, an indication of a
number of frequency components in the Fourier transform of
the sensor signal which provide a signal strength that 1s
larger than a noise level.

16. The system according to claim 12, wherein the method
further comprises:

obtaining a predefined reference force value;

comparing the determined estimated force value with the

predefined reference force value for obtaining a difler-
ence value; and

providing a feedback signal to the sensor head or to a

controller such as to adapt the distance between the
probe and the substrate surface for minimizing the
difference value.

17. The system of claim 16, wherein the system further
comprises a distance sensor for determining a distance
between the probe and the substrate support structure 1n a
direction perpendicular to the substrate surface, and wherein
the method further comprises obtaining a distance signal
from the distance sensor and using the distance signal for
providing topology information of the substrate surface.

18. A non-transitory computer-readable medium includ-
ing computer-executable mstructions that, when executed by
a processor of a scanning probe microscopy system 1nclud-
ing a sample support structure for supporting a sample, a
sensor head including a probe comprising a cantilever and a
probe tip arranged on the cantilever, and an actuator for
scanning the probe tip relative to the substrate surface for
mapping of the nanostructures, causes the system to perform
a method comprising:

vibrating the cantilever using an actuator;

moving the probe relative to the substrate surface for

performing said scanning, wherein said probe 1s held at
a distance to the substrate surface such as to allow
contact at a plurality of intermittent contact moments
between the probe tip and the surface during said
vibrating of the cantilever;

wherein the steps of vibrating of the cantilever and

moving of the probe are performed concurrently, and
wherein for performing the surface measurements, the
method comprises:
obtaining, using a sensor, a sensor signal indicative of a
position of the probe tip during said scanming; and

analyzing said sensor signal by quantilying two or more
frequency components 1n a Fourier transform of said
sensor signal for determining an estimate of a force
value of a force between said substrate surface and said
probe tip during said contact moments,




US 10,697,998 B2

21

wherein said analyzing comprises applying a recursive

filter for estimating an 1nternal state of the probe based
on the two or more frequency components in the
Fourier transtform of the sensor signal, and using the
estimated internal state for determining the estimate of >
the force value.

19. The non-transitory computer-readable medium of

claim 18, wherein the recursive filter 1s a Kalman filter, the
recursive filter further including a dynamic state model for

modelling an influence of the force between the substrate 10
surface and the probe tip on said internal state of the probe;
wherein for determining the force value during said
contact moments, during said analyzing the sensor
signal 1s sampled into a plurality of samples, each .
sample corresponding to a sample moment, wherein the
recursive filter applies the following augmented system
state model for including said internal state of the probe
and said dynamic state model:
20
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wherein:
X, 15 an internal state of the system at sample moment

k;
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X, . ; 1s an internal state of the system at sample moment
k+1 subsequent to sample moment k;

p, 1s a dynamic state of the influence of the force
between the probe tip and the substrate surface at
sample moment k;

P.., 1s a dynamic state of the influence of the force
between the probe tip and the substrate surface at
sample moment k+1;

v, Vi, 0, and o, represent noise factors;

f.? represents a dithering signal to the internal state;

. represents the force value of the force between the
probe tip and the substrate surface;

A 1s the state matrix of the system;

B, and B, are the input matrices for respectively force
value of the force between the probe tip and the
substrate surface and the dithering signal;

D, and D, are the feed forward matrices for respec-
tively force value of the force between the probe tip
and the substrate surface and the dithering signal; O
1s the null-matrix;

~ C 1s the output matrix;

A and C are respectively the dynamic state matrix and the
dynamic output matrix of the dynamic state model for
modelling the influence of the force between the sub-
strate surface and the probe tip on said internal state of

_ the probe; and

C® is the output matrix of a Tikhonov type regularization
rule.

20. The non-transitory computer readable medium

according to claim 18, wherein the method further com-
prises receiving, during mitializing of the system for per-
forming the step of analyzing, an indication of a number of
frequency components 1n the Fourier transform of the sensor
signal which provide a signal strength that i1s larger than a
noise level.
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